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Abstract: Transcription factor Forkhead Box Protein Ml (FOXM1) is a well-known 
master regulator in controlling cell-cycle pathways essential for DNA replication and 
mitosis, as well as cell proliferation. Among the three major isoforms of FOXM1, 
FOXM1B is highly associated with tumor growth and metastasis. The activities of FOXM1B 
are modulated by post-translational modifications (PTMs), such as phosphorylation, 
but whether it is modified by small ubiquitin-related modifier (SUMO) remains unknown. 
The aim of the current study was to determine whether FOXM1B is post-translationally 
modified by SUMO proteins and also to identify SUMOylation of FOXM1B on its target 
gene transcription activity. Here we report that FOXM1B is clearly defined as a SUMO 
target protein at the cellular levels. Moreover, a SUMOylation protease, SENP2, significantly 
decreased SUMOylation of FOXM1B. Notably, FOXM1B is selectively SUMOylated at 
lysine residue 463. While SUMOylation of FOXM1B is required for full repression of its 
target genes MiR-200b/c and p21, SUMOylation of FOXM1B is essential for full activation 
ofJNKl gene. Overall, we provide evidence that FOXM1B is post-translationally modified by 
SUMO and SUMOylation of FOXM1B plays a functional role in regulation of its target 
gene activities. 
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1. Introduction 

Forkhead Box Proteins (FOX proteins) are transcription factors consisting of more than 55 
mammalian proteins and sharing a 100-amino acid long, evolutionarily conserved winged helix 
DNA-binding region [1]. FOXM1 (previously known as FKHL16, HFH11, and MPP2) plays a crucial 
role in the regulation of cell cycle progression and cell proliferation [2-5]. FOXM1 is expressed in all 
replicating cells, but not in quiescent and terminally differentiated cells. FOXM1 is regulated by 
numerous oncogenic signals, growth factors, p53, pRb, pl9ARF, and itself (by auto-regulation) [6-11]. 
As a transcription factor, FOXM1 targets and controls a variety of genes, including CTNNB1 [12-14] 
for adherens junctions and cell self-renewal, CDKN1A [15] for cell proliferation, VEGF [16] for blood 
vessel formation, MMP2 [17] and JNK1 [18] for cell migration, HELLS [19] and SKP2 [20] for cell 
cycle regulation, and NR3A1 [21] for estrogen signaling in humans by binding to promoter regions 
with a preference for a conserved consensus 5'-TAAACA-3' sequence. Several lines of evidence have 
demonstrated that FOXM1 is associated with tumor initiation, promotion, invasion, and metastasis, 
suggesting that FOXM1 contributes to all major hallmarks of cancer [22]. Studies have confirmed that 
FOXM1 expression levels correlate with poor prognosis [23,24]. Moreover, amplifications of FOXM1 
gene have been demonstrated in several tumors such as hepatocellular cancer, pancreatic cancer, and 
glioblastoma multiforme tumors [13,25-27]. Therefore, targeting FOXM1 (the relay center for cancer 
development and a potential prognostic marker) holds a promising therapeutic intervention. 

The majority of the transcription factors are functionally regulated by post-translational modifications 
(PTMs) which are essential for normal physiological functions in cells and efficient ways for the 
cells to respond to multiple extra-cellular stimuli and intra-cellular signals. Among the various 
post-translational modifications, the modification by small ubiquitin-related modifier (SUMO) family 
has profound effects on regulating normal cell physiology and tumorigenesis [28-34]. In spite of 
limited sequence identity, SUMO proteins are structurally related to ubiquitin and use a similar 
three-step enzyme-controlled cascade reaction. The carboxyl-terminal glycine in the processed SUMO 
protein covalently binds to an internal lysine residue of the target protein. Importantly, covalent 
conjugation of proteins by SUMO is highly transient, dynamic, and reversible through action of the 
SENP family of proteases. In normal cellular conditions, less than 5% of the target proteins will be 
SUMOylated [35]. Even though the three-dimensional structure and conjugation mechanism of SUMO 
share similarities to those of ubiquitin, the biological functions of SUMOylation are significantly 
different from those of ubiquitination [35]. SUMOylation mainly prevents ubiquitin-mediated 
proteasomal protein degradation and usually enhances protein stability [35,36]. Majority of the 
SUMO substrates are transcription factors and co-factors. Most importantly, SUMO modification of 
transcription factors and nuclear receptors has a strong impact on their regulation of transcription of 
genes [33,37-40], such as SUMOl modification activates the transcriptional response of p53 [41] and 
SUMOylation inhibits NR5A1 activity [33]. Several components of the SUMO pathway, such as 
UBE2I (the only E2-conjugating enzyme for SUMOylation) [42,43] and protein inhibitor of activated 
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STAT (PI AS) proteins [44], are also involved in regulation of transcription. In this regard, understanding 
the regulation of SUMO processes is vital for various biological processes such as the regulation of 
transcription and the development of disorders. Therefore, the manipulation of SUMO modification 
and processes has gained attention as a potential therapeutic intervention. 

Accumulated evidence indicates that PTMs regulate FOXM1 functions. For example, during the 
cell cycle progression, FOXM1 expression is markedly elevated at the Gi/S and G2/M transition and 
multisite phosphorylations on FOXM1 by various kinases (such as MAPK, CDKs, and PLK1) are 
essential for FOXM1 activity for mitotic entry and progression, ensuring the genomic stability [45-48]. 
Alternative splicing of FOXM1 gene gives rise to three major isoforms of FOXM1, the transcriptionally 
inactive FOXM1A, and transcriptionally active FOXM1B and FOXM1C variants [49]. Extensive 
studies have shown that FOXM1B is the predominant isoform that is over-expressed in most human 
cancers and exhibits a higher transforming ability than FOXM1C, the canonical form in most normal 
cells [10,17,50-52]. Moreover, FOXM1B has been demonstrated to be a potent activator of tumor 
metastasis [53]. Therefore, we chose FOXM1B as a desirable target to study whether SUMOylation 
influences FOXM1B transcriptional activity in MCF7 human breast cancer cells. In this study, 
we demonstrated that FOXM1B is a substrate for SUMO modification and FOXM1B transcriptional 
activity requires conjugating of SUMO to mediate efficient SUMOylation of FOXM1B at lysine 463. 

2. Results 

2.1. Forkhead Box Protein Ml B (FOXM1B) Is a Substrate for Modification by Small Ubiquitin-Related 
Modifier (SUMO) 

Human FOXM1B protein harbors several evolutionarily conserved sequences that conform to the 
typical SUMOylation consensus (Figure 1A). To determine whether FOXM1B can be SUMOylated 
by SUMOl in mammalian cells, MCF7 breast cancer and HI 299 lung cancer cells were transiently 
transfected with HIS-FLAG tagged FOXM1B expression plasmids with or without HA-tagged SUMOl 
(WT or AA mutant) expression plasmids. Western blot analysis (Figure IB) of the FOXM1B preparations 
by Ni chelate chromatography under denaturing conditions, revealed that a slowly migrating species 
(about 120-130 kDa) was detected in cells expressing WT FOXM1B and WT SUMOl. However, AA 
mutant SUMOl, of which the C-terminal di-glycine residues (which are required for SUMO 
conjugation to substrates) of SUMOl were mutated to di-alanine residues, could not increase 
FOXM1B SUMOylation. We next investigated whether FOXM1B can be SUMOylated endogenously 
in MCF7 cells. As shown in Figure 1C, when MCF7 cells were over-expressed with HIS-tagged 
FOXM1B expression plasmids, western blot analysis of the FOXM1B preparations by Ni 2+ chelate 
chromatography under denaturing conditions revealed that a slowly migrating species (about 
120-130 kDa) was detected in cells, suggesting that FOXM1B can be endogenously modified by 
SUMO in cells. During 10 times of the experiments, we observed that FOXM1B can be endogenously 
SUMOylated five times. To further confirm the previous results (Figure IB), we expressed 
FLAG-tagged FOXM1B with HIS-tagged WT SUMOl or AA SUMOl mutant in MCF7 cells (Figure ID). 
The SUMOylated proteins were purified using Ni -NTA resins under denaturing conditions. 
The SUMOylation of FOXM1B was detected by using an anti-FOXMl antibody. Our data showed 
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that the SUMOylated FOXM1B was clearly detected with a slower migrating band with molecular 
weight greater than 120 kDa in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
gel (Figure 1C). In contrast, AA SUMOl mutant completely lost the ability to promote FOXM1B 
SUMOylation (Figure 1C). These results indicate that band shift of FOXM1B was indeed due to the 
covalent conjugation of SUMO. Overall, our data showed that FOXM1B is a target of SUMOylation. 

Figure 1. FOXM1B can be SUMOylated. (A) Sequence of the human FOXM1B protein 
showing the regions that contain the potential SUMO sites (K201, K218, K341, K445, 
K463, and K480). Abbreviations: FOXM1, Forkhead Box Protein Ml; SUMO, small 
ubiquitin-related modifier; (B) MCF7 (upper) and HI 299 (bottom) cells were transiently 
transfected with 3 ug HIS-FLAG-tagged WT FOXM1B and 2 ug B.A-SUM01 (WT or AA 
mutant) expression plasmids as indicated. After 48 h, cells were harvested and the cell 
lysates were subjected to Ni + bead pulldown, followed by anti-FOXMl or anti-HA 
immunoblotting. Whole cell lysates (WCL) were subjected to anti-HA immunoblotting for 
SUMOl expression. The empty arrows indicate SUMOylated FOXM1B; The solid arrows 
indicate non-SUMOylated FOXM1B; (C) MCF7 cells were transiently transfected with 
3 ug HIS-tagged WT FOXM1B expression plasmids. After 48 h, cells were harvested 
and the cell lysates were subjected to Ni 2+ bead pulldown, followed by anti-FOXMl 
immunoblotting. The empty arrows indicate SUMOylated FOXM1B; The solid arrows 
indicate non-SUMOylated FOXM1B; (D) MCF7 cells were transiently transfected with 
2 ug FLAG-tagged WT FOXM1B and 2 ug RIS-SUMOl (WT or AA mutant) expression 
plasmids as indicated. After 48 h, cells were harvested and the cell lysates were subjected 

2_|_ 

to Ni bead pulldown, followed by anti-FOXMl immunoblotting. WCL were subjected to 
anti-HA, anti-FOXMl, or anti-p-Actin immunoblotting for SUMOl, FOXM1B, or p-Actin 
expression, respectively. The empty arrows indicate SUMOylated FOXM1B; The solid 
arrows indicate non-SUMOylated FOXM1B. 
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2.2. SUMOylation ofFOXMlB Is Modulated by SENP2 and PIASy 

Generally, SENP proteins are responsible for activating and de-conjugating SUMO from target 
proteins. In particular, SENP1 and SENP2 participate in this de-conjugation in mammals. Thus, we next 
examined whether SENP2 de-SUMOlates FOXM1B. We expressed HIS-tagged FOXM1B and HA-tagged 
SUMOl with or without FLAG-tagged SENP2 in MCF7 cells. As shown in Figure 2 A, a SUMOylated 
FOXM1B band was observed in cells expressing FOXM1B and SUMOl. However, when SENP2 was 
co-expressed with FOXM1B and SUMOl in cells, the SUMOylated band was completely lost, 
suggesting that SENP2 was involved in mediating the de-SUMOylation of FOXMlB.Many studies 
have shown that E3 ligases, such as PIAS proteins, in the SUMOylation cycle function as adaptors and 
facilitators that stabilize the interaction between the SUMO-UBE2I thioester and the acceptor 
substrates. Therefore, we next investigated whether PIASy, one of PIAS family of proteins, is capable 
of facilitating FOXM1B SUMOylation in MCF7 cells. When cells were transiently expressed 
FOXM1B alone, the SUMOylated FOXM1B band was observable (long exposure, Figure 2B), 
suggesting that FOXM1B is capable to be SUMOylated endogenously (consistent with the result of 
Figure 1C). When SUMOl was co-expressed with FOXM1B, the intensities of the SUMOylated 
FOXM1B bands were increased as expected. Interestingly, the intensities of the SUMOylated 
FOXM1B bands were further significantly increased when PIASy was co-expressed with FOXM1B 
and SUMOl, suggesting that PIASy enhances the SUMOylation of FOXM1B. 

Figure 2. SENP2 reduces and PIASy enhances FOXM1B SUMOylation. (A) MCF7 cells 
were co-transfected RIS-FOXMIB and RA-SUMOlwith or without FLAG-tagged SENP2 
plasmids. Forty-eight hours later, cell lysates were subjected to Ni bead pulldown, followed 
by anti-FOXMl immunoblotting. Whole cell lysates (WCL) were subjected to anti-HA, 
anti-FLAG, or anti-[3 Actin immunoblotting for SUMOl, SENP2, or [3-Actin expression, 
respectively. The empty arrows indicate SUMOylated FOXM1B; The solid arrows indicate 
non-SUMOylated FOXM1B; (B) MCF7 cells were co-transfected RIS-FOXMIB and 
HA-SUMOl with or without FLAG-tagged PIASy plasmids. Forty-eight hours later, cell 
lysates were subjected to Ni 2+ bead pulldown, followed by anti-FOXMl immunoblotting. 
Whole cell lysates (WCL) were subjected to anti-HA, anti-FLAG, or anti-P Actin 
immunoblotting for SUMOl, PIASy, or [3- Actin expression, respectively. The empty arrows 
indicate SUMOylated FOXM1B; The solid arrows indicate non-SUMOylated FOXM1B. 
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2.3. Lysine 463 Is the Major SUMO Site in FOXM1B 

To study the biological consequences of FOXM1B SUMOylation, we first aimed to identify the 
SUMO acceptor site in FOXM1B. SUMOylation typically occurs on lysine residues in a conserved 
consensus sequence YKXE/D. Among the lysine residues of FOXM1B, we identified six potential 
SUMOylation sites using the SUMOplot analyses program. To facilitate the analysis of FOXM1B 
SUMOylation, we created HIS-FLAG-tagged mutant forms of FOXM1B in which the acceptor lysines 
within the SUMOylation motifs were replaced with arginines (Figure 3A). Importantly, these mutant 
forms of FOXM1B can be readily isolated and distinguished by virtue of the associated FLAG and 
HIS tags. To determine which lysines in FOXM1B are modified by SUMOl, we probed FOXM1B 
preparations isolated from MCF7 cells by Ni 2+ chelate chromatography under denaturing conditions. 
As can be seen in Figure 3B, a slowly migrating band (about 120-130 kDa) was detected in cells 
expressing WT and mutant FOXMlBs except K463R FOXM1B, suggesting that FOXM1B is 
conjugated by SUMOl on K463 residue. To further confirm K463 is the major SUMO site for FOXM1B, 
we co-expressed FOXM1B (WT or K463R) with or without HA-tagged SUMOl in H1299 cells. 
As can be seen in Figure 3C, exogenous SUMOl enhanced SUMOylation on WT FOXM1B but not on 
K463R FOXM1B. Taken together, these results indicate that FOXM1B can be SUMOylated and K463 
is the major SUMO site for FOXM1B. 

Figure 3. Lysine 463 is the major SUMO site in FOXM1B. (A) Schematic representation 
of the human FOXM1B protein with the lysine-to-arginine FOXM1B mutants generated in 
this study to determine potential SUMOylation sites on FOXM1B; (B) Lysates of MCF7 
cells transiently transfected with 3 ug HIS-FLAG tagged WT or mutant FOXM1B expression 
plasmid and 1 ug YLA-SUMOl expression plasmid were subjected to Ni 2+ bead pulldown, 
followed by anti-FOXMl and anti-HA immunoblotting. The empty arrows indicate 
SUMOylated FOXM1B; The solid arrows indicate non-SUMOylated FOXM1B; (C) H1299 
cells were transiently transfected with 3 ug HIS-FLAG tagged FOXM1B (WT or K463R) 
and 1 ug HA-SUMOl expression plasmids as indicated. After 48 h, cells were harvested 

2_j_ 

and the cell lysates were subjected to Ni bead pulldown, followed by anti-FOXMl and 
anti-HA immunoblotting. The empty arrows indicate SUMOylated FOXM1B; The solid 
arrows indicate non-SUMOylated FOXM1B. 
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2.4. SUMOylation of FOXM1B at K463 Is Required for FOXM1B 's Transcriptional Activities 

Because FOXM1 is a negative regulator of MiR-200b/c gene expression [27] and to gain insight 
into the role of SUMOylation of FOXM1B, we assessed the effect of this modification on 
FOXM IB-dependent transcription using a natural MiR-200b/c promoter [54,55]. As can be seen in 
Figure 4A,B, expression of WT FOXM IB leads to a robust dose-dependent reduction in the activity of 
a MiR-200b (Figure 4A) and a MiR-200c (Figure 4B) promoter-driven luciferase reporter. As the K463 
is the major acceptor site for SUMO in FOXM IB, we next examined whether SUMOylation at K463 
is required for FOXM IB activity. As shown in Figure 4C,D, loss of SUMOylation at K463, but not 
other lysine sites, relieved the reduction by about 50%, suggesting that SUMOylation is required for 
FOXM IB activity on MiR-200b/c promoter regulation. Since MiR-200s have been demonstrated to act 
as a tumor suppressor by suppressing Zinc-finger enhancing binding transcription factors (ZEB1 and 
ZEB2) to increase the E-cadherin in cancer cells [56,57], we measured ZEB1 levels from the samples 
of reporter assays. As shown in Figure 4C, the levels of ZEB1 were increased when WT FOXM IB 
was expressed. However, loss of SUMOylation at K463, but not other lysine sites, reduces the increase 
by 43%, further suggesting that SUMO conjugation is required for FOXM1B activity on MiR-200b/c 
promoter regulation. 

FOXM1 is involved in hallmarks of cancer by regulating numerous target genes, including JNK1, 
which is involved in invasion and metastasis, and p2I, which is involved in cell proliferation. 
As shown in Figure 5A,C, FOXM1B increases JNK1 promoter activity but decreases p21 promoter 
activity in a dose-dependent manner. This data is consistent with the previous findings [15,18]. 
Therefore, we next tested whether SUMO modification of FOXM IB alters JNKI and p2I promoter 
activities. Loss of SUMOylation at K463, but not other lysine sites, decreased FOXM IB-mediated 
JNKI promoter activity by about 50% (Figure 5B). In Figure 5D, loss of SUMOylation at K463 on 
FOXM1B, but not other lysine sites, relieved the reduction of p2I promoter activity by about 25%. 
Taken together, these results provide strong evidence that SUMOylation of FOXM IB at K463 is 
critical for transcriptional activity of FOXM IB. 
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Figure 4. Loss of SUMOylation relieves the repression of MiR-200b/c promoter by 
FOXM1B. MCF7 cells were co-transfected with different amounts (10, 50, and 200 ng) of 
FOXM1B expression plasmid and a reporter plasmid with MiR200b promoter (A) or 
MiR200c promoter (B); MCF7 cells were transfected, where indicated, with WT or mutant 
FOXM1B expression plasmid and a reporter plasmid with MiR200b promoter (C) or 
MiR200c promoter (D). Luciferase activities were measured 48 h after transfection and 
normalized with Renilla activity. Relative LUC activity (fold activation) was calculated 
and plotted. The expression levels of FOXM1B in MCF7 cells from the reporter assays 
were validated using anti-FOXMl immunoblotting. The expression levels of ZEB1 in 
MCF7 cells from the reporter assays with MiR200b promoter were validated using anti-ZEBl 
immunoblotting. Experiments were performed three times with similar results. 
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Figure 5. Loss of SUMOylation alters the activities of JNK1 and p21 promoters by 
FOXM1B. MCF7 cells were transfected, where indicated, with different amounts of 
FOXM1B expression plasmid and a reporter plasmid with JNK1 promoter (A) or p21 
promoter (C); MCF7 cells were transfected, where indicated, with WT or mutant FOXM1B 
expression plasmid and a reporter plasmid with JNK1 promoter (B) or p21 promoter (D). 
Luciferase activities were measured 48 h after transfection and normalized with Renilla 
activity. Relative LUC activity (fold activation) was calculated and plotted. The expression 
levels of FOXM1B in MCF7 cells from the reporter assays were validated using anti-FOXMl 
immunoblotting. Experiments were performed three times with similar results. 
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2.5. Loss of SUMOylation on FOXM1B Reduces Proliferation of MCF7 Cells 

Because FOXM1 is involved in cellular proliferation, we next assessed the potential effect of 
SUMO modification on FOXM1B in proliferation of MCF7 cells. To evaluate the effect of SUMOylation 
of FOXM1B on MCF7 cells, recombinant pcDNA3-WT FOXM1B and pcDNA3-K463R FOXM1B 
were transfected into MCF7 cells and stably expressed cells were selected. The result showed that 
cellular growth (Figure 6A) was promoted by the enforced WT FOXM1B over-expression as compared 
with that of those transfected with empty vector. Interestingly, removal of SUMOylation by the enforced 
K463R FOXM1B over-expression reduced (compared to WT FOXM1B) cell growth (Figure 4A). 
The relative protein expression of FOXM1B, Cyclin Dl, EpCAM, and VEGF (vascular endothelial 
growth factor) in FOXMlB-over-expressed MCF7 cells was measured (Figure 6B). These collective 
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data suggest that FOXM1B over-expression plays an important role in promoting cell growth of 
MCF7 cells and SUMOylation is essential for FOXM1B activity, possibly through regulation of the 
expression of the several proteins including Cyclin Dl, EpCAM, VEGF, and ZEB1. 

Figure 6. Removal of SUMOylation reduces FOXM IB-mediated cellular proliferation. 
(A) Cell numbers were determined in indicated time after plating of WT FOXM IB-expressed 
or K463R FOXM IB-expressed MCF7 cells by cell counting assay. On day 5, p values 
were determined; (B) On day 5, the expression levels of FOXM1B, Cyclin Dl, EpCAM, VEGF 
(vascular endothelial growth factor), and [3-Actin in MCF7 cells were validated using 
anti-FOXMl, anti-Cyclin Dl, anti-EpCAM, anti-VEGF, and anti-P-Actin immunoblotting, 
respectively. Experiments were performed two times with similar results. 
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3. Discussion 

Regulation of protein function by reversible post-translational modifications such as phosphorylation, 
is the core principle in biochemistry and molecular and cell biology. Modifications by SUMO proteins 
have emerged as critical and essential events in a variety of biological processes, including cell cycle 
regulation, cell death, genomic instability, inflammation, metabolism, transcriptional regulation, 
and tumor progression. FOXM IB has been shown to be involved in cancer development and 
progression [10,17,50-53]; however, the functional significance of SUMO modification for FOXM1B 
remains to be clarified. In the present work, we demonstrate that the lysine residue, K463, is the major 
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SUMO acceptor site for FOXM1B and SUMOylation is essential, at least in part, for FOXM IB-mediated 
transcriptional activity. 

Alternative splicing of FOXM1 gene gives rise to three major isoforms of FOXM 1: the transcriptionally 
inactive FOXM 1 A, and transcriptionally active FOXM IB and FOXM1C variants [49]. FOXM 1 A, 
which contains extra Al and A2 domains from exon Va and exon Vila, respectively, is transcriptionally 
inactive due to the presence of an A2 domain which disrupts the transactivation activity. FOXM1C, 
which contains an Al domain but not an A2 domain, is transcriptionally active. FOXM1B, which does 
not have either an Al or A2 domain, is also transcriptionally active. In the current study, we observed 
that FOXM1B can be conjugated by SUMOl and lysine 463 serves as the major SUMO acceptor site 
for FOXM IB, and loss of SUMOylation on FOXM IB reduces its full capacity on regulating target 
gene activities. Interestingly, a recent two studies on FOXM1C have shown that several lysine residues 
on FOXM1C can be SUMOylated and those lysine sites are redundant for SUMO modification and 
activity of FOXM1C [58,59]. Because SUMOylation is a highly transient, dynamic, and reversible 
process, the differences in SUMOylation sites identified by the different groups may be attributable to 
different transforming ability and metastatic potency in cancer development between FOXM IB and 
FOXM1C and perhaps other upstream regulators that may influence SUMOylation of FOXM IB and 
FOXM1C. For example, serine 331 (which is missing in FOXM1B) can be phosphorylated by ERK1/2 
in FOXM1C [60] and thus, phosphorylation at serine 331 may affect SUMOylation of FOXM1C but 
not FOXM IB. Therefore, further studies are indeed required to dissect whether phosphorylation status 
and/or the presence of an A 1 domain influences SUMOylation on FOXM1. 

FOXM1 has gained much attention and become a subject of intense research in the cancer field. 
FOXM1 is the relay center in multiple hallmarks of cancer by targeting downstream genes for cancer 
development, such as proliferation, epithelial-mesenchymal transition (EMT), invasion, and metastasis. 
A previous study has shown that over-expression of FOXM1 is responsible for EMT phenotype in 
pancreatic cancer cells, which is in part mediated through the regulation of MiR-200b [27]. MiR-200s 
have been demonstrated to act as a tumor suppressor by suppressing Zinc-finger enhancing binding 
transcription factors (ZEB1 and ZEB2) to increase the E-cadherin in cancer cells [56,57]. In the current 
study, we found that FOXM IB dose-dependently represses promoter activity of MiR-200b/c (Figure 4). 
Most importantly, we found that the repressive effect of FOXM IB on MiR-200b/c gene requires 
SUMOylation at K463 (Figure 4), suggesting the importance of SUMO modification in regulating 
FOXM IB transcriptional activity. Furthermore, our current study also provided evidence that 
SUMOylation plays a functional role in FOXMlB's transcriptional activity in regulating p21 and 
JNK1 promoter activities, which are important for cell proliferation and metastasis, respectively (Figure 5). 
Since multisite phosphorylations on FOXM1 by various kinases (such as MAPK, CDKs, and PLK1) 
are essential for FOXM1 activity [45-48] and the importance of SUMOylation of FOXM1 from our 
current study and two other previous reports [58,59], there is no doubt that PTMs are critical and 
essential for FOXM1 activity in various biological processes. 

In the current study, we observed that SUMOylation plays a functional role in FOXMlB's 
transcriptional activity in regulating p21 promoter activity. It is worthy to note that the transcriptional 
activity of p21 is regulated by both p53 and FOXM1, and that FOXM1 is the target of p53. Therefore, 
the complexity of p21 regulation should be carefully addressed and the dual effect of p53 and 
FOXM Ion p21 activity in cancer cells indeed requires further studies. 
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In the current study, we observed that FOXM1B is a substrate for SUMO modification and 
FOXM1B transcriptional activity requires conjugating of SUMO to mediate efficient SUMOylation of 
FOXM1B at lysine 463. Since SUMOylation of FOXM1B is essential for FOXM1B transcriptional 
activity, targeting SUMOylation at K463 of FOXM1B provides a suitable therapeutic intervention in 
addition to the existing FOXM1 -based cancer therapies. However, more studies are indeed needed to 
expand our understanding of how SUMOylation influences FOXM1 activity in cancers. Collectively, 
our results not only extend the conclusion that FOXM1 is involved in the hallmarks of cancer 
processes but also provide the novel mechanism of how SUMOylatgion regulates FOXM1B activity. 

4. Experimental Section 

4.1. Reagents 

All cell culture reagents were purchased from Life Technologies (Carlsbad, CA, USA). Protein A 
and protein G magnetic beads were purchased from Fisher Scientific (Pittsburgh, PA, USA). 
Antibodies against FOXM1, HA, HIS, Cyclin Dl, EpCAM, VEGF,and p-Actin (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA), SUMOl (Active motif, Carsbad, CA, USA), and FLAG 
(Sigma, St. Louis, MO, USA) were purchased commercially. Luciferase activity was measured using 
the Dual Luciferase Assay System (Promega, Madison, WI, USA). Ni-NTA agarose was purchased 
from QIAGEN (Valencia, CA, USA). 

4.2. DNA Constructs 

Human HIS-FLAG-FQZM/C cDNA was polymerase chain reaction (PCR)-amplified and ligated 
into the Hindlll and BamHI sites of pcDNA3(+) to create pcDNA3-HIS-FLAG-FO¥M7C expression 
plasmid. Human HIS-FLAG-FOXM75 plasmid was constructed by removal the Al domain of 
FOXM1C plasmid.Human RIS-FOXM1B and FLAG-FOXM1B plasmids were constructed by removal 
of the HIS tag and FLAG tag of HIS-FLAG-FOWiS plasmid, respectively. HA-SL/M<9i-pcDNA3 
and HA-S'£7VP2-pcDNA6 plasmidswere previously established in our laboratory as described in 
Wang et al. [30]. HIS-.SC/MOi-pcDNA3 and FLAG-S£M>2-pcDNA6 plasmids were generated by 
PCR-based mutagenesis (QuikChange Lightning site-directed mutagenesis kit, Strategene, La Jolla, 
CA, USA). FLAG-PIASy expression plasmid was created previously in our laboratory [30]. 
MiR-200b/a/429 and MiR-200c/141 promoter luciferase plasmids (both in pGL3) were kindly provided 
by Dr. Tewari (Fred Hutchison Cancer Research Center, Seattle, Washington, DC, USA). Human 
JNK1 promoter luciferase plasmid (hJNKl-L\JC, 1.3 kb upstream the transcription start site) was 
kindly provided by Drs. Costa/Raychauhuri (University of Illinois, Chicago, IL, USA). p21 promoter 
luciferase plasmid (p27-LUC) was previously described in Liu et al. [61]. All constructs were verified 
by nucleotide sequencing. 

4.3. Cell Culture and Transfection 

MCF7 and HI 299 cells were purchased from the American Type Culture Collection. MCF7 and 
H1299 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) in the presence of 
10% fetal bovine serum and antibiotics (GIBCO/Life Technologies, Grand Island, NY, USA) in 
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humidified air containing 5% CO2, at 37 °C. After incubation, the cells were transfected using Fugene 
HD Transfection Reagent (Roche, Madison, WI, USA). Approximately 45-48 h after transfection, 
the cells were harvested. Luciferase activity was measured and normalized with Renilla activity. 
All experiments were performed three times in triplicate. 

4.4. Immunoprecipitation Assay 

MCF7 or HI 299 cells (2 x 10 6 ) were seeded onto 10-cm plates. Twenty-four hours after transient 
transfection, cells were harvested and lysed in lysis buffer (40 mM HEPES, 120 mM sodium chloride, 
10 mM sodium pyrophosphate, 10 mM sodium glycerophosphate, 1 mM EDTA, 50 mM sodium 
fluoride, 0.5 mM sodium ortho vanadate, 1% Triton X-100) containing protease inhibitor cocktail 
(Sigma, St. Louis, MO, USA), followed by rotation for 1 h at 4 °C to solubilize proteins. Soluble 
proteins were collected and immunoprecipitated with the indicated antibody overnight. Protein A or G 
magnetic beads were added to protein lysates for 2 h in the cold room. Beads were separated from 
lysate solution by magnetic force (in a magnetic separation rack) and washed at least three times with 

2+ 2+ 

lysis buffer. For Ni -bead pull-down assays, Ni -NTA agarose was used to precipitate HIS-tagged 
FOXM1B from cell lysates. Proteins were eluted by boiling in 50 uL of 2x Laemmlisample buffer, 
resolved by 8%-10% SDS-PAGE, and processed for immunoblotting as described below. 

4.5. Immunoblotting 

Protein lysates were allowed to rotate at 4 °C for 30 min, and protein contents ofthe high-speed 
supernatant were determined using the BCA™ Protein Assay kit assay (Pierce/Thermo Scientific, 
Rockford, IL, USA). Equivalent quantities of protein (25^10 ug) were resolved on polyacrylamide-SDS 
gels, transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA, USA), and immunoblotted with 
specific antibodies. Results were visualized using the Supersignal West Dura Extended Duration Substrate 
kit (Pierce Chemical Co., Rockford, IL, USA). Band intensity was quantified by ImageJ program 
(National Institutes of Health (NIH), Bethesda, MD, USA). 

4. 6. In Vivo SUMOylation Assays 

The in vivo SUMOylation assay was carried out as previously described [33]. Briefly, MCF7 or 
HI 299 cells (2 x 10 6 ) were seeded in 10 cm plates and 24 h later were transfected with indicated 
HIS-FLAG-FQZM75 expression vectors. After 48 h, cells were harvested in 700 uL lysis buffer 
(500 mM NaCl, 10 mM imidazole, 45 mM Na 2 HP0 4 , 5 mM Na 2 H2P0 4 , 8 M urea, pH 8.0) containing 
complete protease inhibitors without EDTA (1 tablet/10 mL; Roche, Madison, WI, USA) and sonicated. 
Lysates were cleared and incubated with 100 uL of 50% Ni 2+ -NTA agarose (QIAGEN, Valencia, CA, 
USA) at room temperature for 60 min on a rotator. The resin was washed 3 times in wash buffer 1 
(400 mM NaCl, 10 mM imidazole, 17.6 mM Na 2 HP0 4 , 32.4 mM Na 2 H 2 P0 4 , 8 M urea, pH 6.75), 
washed 3 times in wash buffer 2 (150 mM NaCl, 10 mM imidazole, 17.6 mM Na 2 HP0 4 , 32.4 mM 
Na 2 H 2 P0 4 , pH 6.75). Samples were resuspended in 2x EDTA SDS-PAGE sample buffer. Samples 
(20 uL) were resolved by 8%-10% SDS-PAGE and processed forimmunoblotting using anti-FOXMl 
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or anti-HA (for SUMOl) primary antibody. Images were captured in a Kodak Image Station 440 CF 
using Super Signal West Fern to substrates (Thermo scientific/Pierce, Rockford, IL, USA). 

4. 7. Cell Proliferation Assay 

MCF7 cells stably expressed WT or K463R FOXM1B were seeded in a six-well plate at a 
concentration of 5 x 10 3 per well. At 0, 1, 2, 3, 4, and 5 days in culture, cell proliferation was measured 
by trypan blue exclusion using a microscope. 

4.8. Statistical Analysis 

Statistical analyses were performed using the Student's t test or a one-way ANOVA (analysis of 
variance) when more than two groups were compared. After the ANOVA analysis, the post hoc 
multiple comparisons were performed by using Tukey honestly significant difference (HSD) test to 
determine the statistical difference from each other among subgroups. For each test, p values less than 
0.05 were considered significant. 

5. Conclusions 

In summary, this investigation has demonstrated that lysine 463 is the main SUMO site for 
FOXM1B and SUMOylation serves as an important regulator on the transcriptional activity of 
FOXM1B. Our study also adds a new layer of information to the previous understanding of how 
FOXM1B functions to regulate cell cycle progression and tumor initiation, promotion, and metastasis. 
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